The photocatalytic decomposition of 2-, 3-and 4-chlorobenzoic acids (2CB, 3CB and 4CB, respectively) with TiO 2 loaded on HZSM-11 zeolite was investigated. The optimum decomposition rate of 2CB was obtained with TiO 2 /HZSM-11(30%) (TiO 2 30 wt.%) catalyst at a concentration of 1 mg mL -1 . 2CB and 3CB decompose at similar rates, but 4CB remains adsorbed on TiO 2 /HZSM-11(30%) without further degradation. This absorption is attributed to the relative positions of Cl and COOH groups on 4CB. However, this compound can be partially degraded and/or removed from aqueous solutions by TiO 2 /HZSM-11(50%) catalyst or HZSM-11 zeolite. TiO 2 /HZSM-11(30%) is stable; it retains its photocatalytic properties after nine cycles, can be easily removed and immediately reused. These are important advantages of TiO 2 /HZSM-11(30%) over unsupported TiO 2 , making it a good photocatalyst for the treatment of polluted water. On the other hand, HZSM-11 could be used to selectively adsorb 4CB, thus becoming an alternative method of environmental remediation.
Introduction
Aromatic acids are used in wood preservatives, paints, vegetal fibers and leather due to their bactericidal activity. 1 They are also used as raw materials for the synthesis of herbicides, pesticides, pharmaceuticals and dyes. [2] [3] [4] Furthermore, they are end products of the biodegradation of aromatic industrial contaminants. 2 Chlorobenzoic acids are environmental pollutants produced mainly by the biodegradation of polychlorinated biphenyls and some herbicides. 5 One of them, 2-chlorobenzoic acid (2CB) is present in effluents from the pharmaceutical industry, and as such, it can contaminate natural water courses. 6 These chloroaromatic acids are persistent in the environment, adversely affecting the flora and fauna.
Many different methods have been used to remove these contaminants from wastewater, photodegradation by UV radiation being one of the most effective. Through this process a large variety of organic products can be completely mineralized. 6 TiO 2 is the most widely photocatalyst used; however, once the reaction has been completed this compound cannot be easily removed from an aqueous medium as it remains in suspension and expensive special filtration equipment has to be used. An alternative is the use of TiO 2 immobilized on a porous material such as zeolites; these materials have channels, pores and cavities which may improve the selectivity of TiO 2 and increase the reactivity of the substrate to be oxidized, leading to an increase of its photocatalytic activity. 7 Zeolites have proven to be efficient support materials for titania in the photodegradation of salicylic acid (TiO 2 /MCM-41), This property enhances the molecular diffusion, inside the zeolite cavities, by reducing the tortuosity factor. Also, ZSM-11 zeolite does not lose their initial crystalline structure after chemical and thermal treatments, unlike other zeolites, e.g., Y zeolites. 14 In a previous report 15 this catalyst has proven to be effective to degrade dichlorvos, a non-ionizable insecticide, under UV-irradiation. In this study, the photocatalytic activity of TiO 2 supported on HZSM-11 zeolite was evaluated in 2CB degradation, considering the effects of catalyst concentration, wt.% of TiO 2 loaded on HZSM-11, and the repeatability of the photocatalytic activity of the catalyst after multiple cycles of reuse. The degradation rate of three ionizable compounds, 2CB and its isomers 3-and 4-chlorobenzoic acids (3CB and 4CB, respectively), were also compared under conditions similar to solar radiation.
The main goal of this research is to expand the number of compounds that can be degraded by this catalyst, because it is highly desirable that a catalyst can degrade different pollutants. This property is very useful to develop an adequate and efficient methodology for effluent and natural watercourses remediation. To our knowledge, studies on the photodegradation of these three isomers (2CB, 3CB and 4CB) by TiO 2 supported on HZSM-11 zeolites have not yet been reported.
Experimental
Reagents HZSM-11 zeolite was prepared using the following reactants: sodium aluminate (NaAlO 2 , Johnson Matthey Electronics), tetrabutylammonium hydroxide (TBAOH, Fluka), silicic anhydride (Fluka) and distilled water. Titanium(IV) isopropoxide, 2CB, 3CB and 4CB acids were purchased from Aldrich and used as received. Ethanol (Cicarelli) was employed. P25, standard TiO 2 , was kindly supplied by Degussa.
Preparation of TiO 2 /HZSM-11-supported catalyst
The parent Na-ZSM-11 zeolite (Si/Al = 17) was obtained by known hydrothermal crystallization methods. 15 The ammonium form of the zeolite (NH 4 -zeolite) was prepared by ion exchange from Na-zeolite with 1 mol L -1 ammonium chloride solution at 80 ºC for 40 h. Finally, NH 4 -zeolite was dried at 110 ºC, treated in a nitrogen flow at 500 ºC during 8 h and then calcined in air at the same temperature for 10 h, obtaining the HZSM-11 zeolite.
The supported catalysts were prepared by mixing appropriate amounts of titanium(IV) isopropoxide and zeolite in ethanol. This mixture was mechanically stirred for 4 h at ambient temperature, and then the solvent was removed by evaporation. The mixture was then dried at 110 ºC and calcined in air at 450 °C. The amount of titanium(IV) isopropoxide was changed with the purpose of generating in situ theoretical TiO 2 concentrations of 3, 10, 30 and 50 wt.% in the final solid. They were labeled TiO 2 /HZSM-11(3%), TiO 2 /HZSM-11(10%), TiO 2 /HZSM-11(30%) and TiO 2 /HZSM-11(50%), respectively. Commercial TiO 2 (P25, Degussa) was also employed for comparison.
Characterization
The catalysts were previously characterized by X-ray diffraction (XRD), transmittance Fourier transform infrared spectroscopy (FTIR), specific surface areas by the Brunauer-Emmett-Teller (BET) method, scanning electron microscopy (SEM), inductively coupled plasma optical emission spectroscopy (ICP-OES), and UV-Vis diffuse reflectance spectroscopy (DRS). 15 
Photocatalytic activity evaluation
All experiments were performed in triplicate in a borosilicate water-jacketed glass reactor, irradiated with two Philips Master HPI-T Plus 400 W lamps water-air cooled ( Figure 1) , with an emission interval ranging from 350 to 650 nm, according to the manufacturer's specifications. The emission spectrum of these lamps is very similar to sunlight emission spectrum at sea level.
Photocatalytic activity measurements were conducted on the catalysts TiO 2 /HZSM-11(3%), TiO 2 /HZSM-11(10%), TiO 2 /HZSM-11(30%), and TiO 2 /HZSM-11(50%) in different concentrations: 0.25, 0.5, 1 and 2 mg mL -1 . For Figure 1 . Experimental photocatalytic reactor. Vol. 26, No. 6, 2015 this purpose, a 10 -4 mol L -1 aqueous solution of 2CB, 3CB or 4CB containing the photocatalyst in suspension was allowed to equilibrate in the dark for 30 min with mechanical stirring and without air bubbling. Subsequently, this mixture was irradiated for 4 h and atmospheric air bubbling. Aliquots were withdrawn at specific time intervals and analyzed after filtration with 0.45 µm Millipore membrane to remove catalyst particles. The starting aliquot corresponds to the time at which the lamps were turned on.
The aliquots were then analyzed on a Waters 1525 highperformance liquid chromatography (HPLC) equipment with an Agilent Zorbax Eclipse XDB-C18 5 µm column and a UV-Vis photodiode array detector operating between 190-370 nm. 1 A mixture of methyl alcohol (40% v/v) and acetic acid/sodium acetate buffer (pH 4, 60% v/v) was used as mobile phase at a flow rate of 0.3 mL min -1 . Twenty-five milliliters of each aliquot were injected and analyzed at a wavelength of 236 nm. 6 Direct photolysis of 2CB was also studied irradiating a 2CB solution for 4 h in the absence of the photocatalyst.
Photodegradation reactions with catalysts TiO 2 / HZSM-11(3%), TiO 2 /HZSM-11(10%), TiO 2 /HZSM-11(30%) and TiO 2 /HZSM-11(50%) were compared with the uncharged matrix (HZSM-11) and unsupported TiO 2 .
In addition, adsorption studies of 2CB or 4CB were carried out at room temperature (25 ºC). For this purpose, a 10 -4 mol L -1 aqueous solution of 2CB or 4CB containing the photocatalyst in suspension was keep in the dark for 24 h with mechanical stirring and air bubbling. Aliquots were withdrawn at specific time intervals and analyzed as described above.
The conservation of the photocatalyst activity was determined by the percentage of degradation of 2CB after irradiation, and was calculated as follows for every cycle:
where C is the 2CB concentration in the solution after 2 h of irradiation, and C 0 is the initial concentration (10 -4 mol L -1
).
Results and Discussion

Characterization of TiO 2 /H-zeolite catalysts XRD analysis
In order to confirm the structure and crystallinity of TiO 2 /zeolite catalysts, an XRD study was carried out. Figure  2 shows the XRD patterns of HZSM-11 (a) and different titania-supported catalysts (b-e). For comparative purposes, the diffraction pattern of commercial P25 titania (f) is also included. Figure 2 shows the characteristic signal of the parent HZSM-11 catalyst at 2q angles of 23-24º and 7-9º, which were assigned to (332), (303) and (101), (200) planes, respectively. 16 The XRD pattern of TiO 2 /H-ZSM-11(3%) catalyst (Figure 2b ) was essentially the same as that of the original HZSM-11 ( Figure 2a) . TiO 2 /HZSM-11 prepared in this study showed diffraction peaks at 25.4, 48.2, 54.9 and 55.4°, which were assigned to the characteristic reflections from (101), (200), (211) and (106) planes of anatase, respectively. 17 In the diffraction pattern of TiO 2 /HZSM-11(10%), the peak at (101) is barely observed, but the other three peaks are not clearly observed since the amount of TiO 2 would not be enough to give clear diffraction peaks.
The peak intensity at 2q = 25.4° increased with an increasing amount of TiO 2 loaded on HZSM-11. A similar XRD pattern was obtained for TiO 2 /zeolites (Y, A and BEA), as reported previously. 18, 19 Simultaneously with the increase in the TiO 2 load, a small decrease in the intensity of HZSM-11 diffraction peaks was observed. However, this decrease can be attributed to a dilution effect of the zeolite matrix in the catalyst.
On the other hand, no peak assigned to rutile phase (2q = 27.4º) was observed in the XRD patterns of all TiO 2 /HZSM-11 catalysts used in the present study. Figure 3 shows the FTIR spectra of bulk TiO 2 , bulk zeolite and TiO 2 /HZSM-11(wt.%) in the range of 1800-400 cm -1 . All the zeolitic materials present vibrations assigned to the internal bonds of a TO 4 tetrahedral structure (T = Si or Al) that are insensitive to changes in the zeolite structure, 1250-950, 850-700 cm -1 and the signals at 500 to 420 cm -1 being attributed to asymmetrical stretching, to the symmetrical stretching and to (O-T-O) deformation, respectively. Furthermore, vibrations assigned to the external bonds of the TO 4 tetrahedral structure, which are sensitive to changes in the structure, can also be observed. These vibrations, in the region between 650 and 500 cm -1 , are attributed to those of double rings consisting of five atoms. A shoulder between 1050 and 950 cm -1 is assigned to the asymmetrical stretching of T-O-T bonds. 20 No band in the region near 960 cm -1 was detected, which could be assigned to the antisymmetric stretching vibration of the Ti-O-Si bonds. [19] [20] [21] Therefore, the replacement of the tetrahedral Si sites with Ti during preparation did not take place. So, we can conclude that TiO 2 was deposited on the surface of the zeolites. Table 1 .
FTIR spectra
The average crystallite size of TiO 2 on the zeolite matrix was estimated using XRD data and the Scherrer equation. The crystal size varies from 12 to 23 nm, rising with the increasing load of TiO 2 , probably due to the aggregation of the TiO 2 particles on the surface of the zeolite.
The surface area (S BET ) of the synthesized materials was determined from the N 2 adsorption-desorption isotherms using the Brunauer-Emmett-Teller method. The adsorption-desorption isotherms of TiO 2 /HZSM-11 samples exhibit characteristics similar to those of HZSM-11. According to IUPAC classification, they are type I isotherms, characteristic of microporous solids having relatively small external surfaces. 22 Also, the surface area of TiO 2 /HZSM-11(3%) has similar characteristics to TiO 2 /HZSM-11(10%). With an increase in TiO 2 loading, a linear decrease in the surface area of the samples can be observed. It could be possibly due to the deposit of TiO 2 particles on the HZSM-11 surface, thus, blocking the pores.
Ti, Si and Al content of TiO 2 /HZSM-11 catalysts were determined by ICP-OES. The Ti wt.% increased when TiO 2 loading increased, which is in good agreement with theoretical values.
UV-Vis DRS
The UV-Vis diffused reflectance spectra of zeolite matrix and TiO 2 /HZSM-11 samples are shown in Figure 4 . The diffuse reflectance spectrum of HZSM-11 ( Figure 4a ) consists of a single band at 210 nm arising from the Al-O charge-transfer transition of four-coordinated framework aluminum, characteristic of as-synthesized zeolites. 23 In the supported catalyst (Figures 4b-d) , the absorption band at 200-250 nm is due to electron transfer from the ligand- oxygen to an unoccupied orbital of the Ti 4+ framework. 24 The spectra are also characterized by an intense band centered at 320 nm, corresponding to charge transfer from the valence band (O 2p) to the conduction band (Ti 3d). 25 The determination of the band gap (Eg) from the UV-Vis spectra is an alternative method to study the modification of the electronic properties of the TiO 2 species. 26 The band gap of TiO 2 can be affected by the particle size (quantum size effects) and the particle size could be affected by the thermal treatment temperature and of TiO 2 contents among others for TiO 2 hybrid systems. [27] [28] [29] The band gap energies were estimated from UV-Vis DRS spectra using the Kubelka-Munk remission function, 30 and the values (in eV) obtained were 3.25 (TiO 2 /HZSM-11(10%)), 3.15 (TiO 2 /HZSM-11(30%)) and 3.12 (TiO 2 /HZSM-11(50%)).
The UV-Vis DRS spectra of the TiO 2 /HZSM-11 samples showed the absorption threshold onset was scarcely shifted to the visible region when the TiO 2 concentration increased. As result, the Eg values present a small variation when varying TiO 2 content in the samples.
Effect of wt.% of TiO 2 loaded on HZSM-11 Figure 5 shows the photocatalytic decomposition of 2CB on TiO 2 /HZSM-11(3%), TiO 2 /HZSM-11(10%), TiO 2 /HZSM-11(30%), and TiO 2 /HZSM-11(50%) catalysts (1 mg mL -1 in all reactions). It also shows that 2CB does not photolyse and does not decompose with HZSM-11 zeolite.
The degradation rate of 2CB increases with TiO 2 loading, except for the TiO 2 /HZSM-11(50%) catalyst. In this case, its lower photocatalytic activity may be due to the agglomeration of TiO 2 particles, as observed by Ding et al. 31 on the degradation of phenol with TiO 2 /silica gel catalysts.
TiO 2 /HZSM-11(30%) was the most efficient catalyst, since 2CB was completely degraded after 3 h irradiation; it was, therefore, chosen for the following experiments.
2-Chlorophenol (2CP) is the major metabolite in the photodegradation of 2CB. 6, 32 However, it was not observed in the reactions described in this work, although we tried to find this product using an aqueous solution of pure 2CP as standard. Probably 2CP forms slowly and it is immediately degraded by the photocatalyst in the reaction media.
Effect of catalyst concentration
A series of experiments was carried out to find the optimum amount of catalyst by varying TiO 2 /HZSM-11(30%) concentration from 0.25 to 2 mg mL -1 ( Figure 6 ). The decomposition rate increases with the amount of TiO 2 /HZSM-11(30%) up to 1 mg mL -1 , but above this concentration the decomposition rate is not further increased.
The concentration of the photocatalyst increases the amount of active sites as well, resulting in an improvement of the photocatalysis rate. However, when 2 mg mL -1 was added this rate was kept unchanged, probably due to the scattering of a fraction of incident radiation by the higher amount of particles present in the 2CB solution. This effect was previously observed by other authors. 7, 33 Starting from a certain concentration of TiO 2 /HZSM-11(30%) the 2CB solution becomes opaque due to suspended particles, preventing irradiation of active sites. 34 The optimum amount of TiO 2 catalyst can reach values from 0.07 to 12 g L -1 depending on light intensity, wavelength, oxidizing agents, kind of contaminant, and so on. 33 In our work, the optimum amount of TiO 2 /HZSM-11(30%) catalyst is 1 mg mL -1 , which corresponds to 0.3 g L -1 of TiO 2 . As seen in Figure 6 , photocatalysis was faster when unsupported TiO 2 was used at a concentration of 1 or 0.3 mg mL -1 . The latter is equivalent to the TiO 2 load present in TiO 2 /HZSM-11(30%), a concentration of 1 mg mL -1 . This may also be due to the total amount of particles present in the solution. Zeolite HZSM-11 allows the passage of radiation but it possibly scatters a fraction of the incident radiation, an effect that does not occur in solutions with unsupported TiO 2 . However, although unsupported TiO 2 is a better photocatalyst in these reactions, it cannot be recovered easily 35 requiring expensive and laborious methods of separation of treated solutions. By contrast, the TiO 2 /HZSM-11(30%) catalyst can be easily recovered from the reaction medium by filtration. Also, the spontaneous agglomeration of unsupported TiO 2 particles, when dispersed in aqueous media, may cause a rapid decrease in specific surface area, thereby photocatalytic activity decays. 36 Considering that the solution of 2CB (pKa 2.92) has a pH of 4.1, the carboxylate anion:protonated acid ratio is 17:1. Since the point of zero charge of TiO 2 is ca. 6.25, 7 this catalyst surface is positively charged at this pH, and thus photocatalysis of this organic pollutant is promoted by the electrostatic attraction between TiO 2 and the anion of 2CB.
Leaching study of the catalyst
A rigorous proof of heterogeneity can be obtained only by filtering the catalyst at the reaction temperature before completion of the reaction and then testing the filtrate for catalytic activity. 37 In order to check the stability of the TiO 2 /HZSM-11(30%) catalyst, a 10 -4 mol L -1 solution of 2CB containing 1 mg mL -1 of the photocatalyst was irradiated for 1 h. After that time TiO 2 /HZSM-11(30%) was removed from the solution by filtration, and the remaining solution was irradiated for 3 more hours. The results obtained can be seen in Figure 7 .
After the first hour, 2CB concentration decreased to 18% of its original value, keeping constant for 3 h thereafter. These results would indicate that TiO 2 does not become detached from the zeolite matrix, but remains attached throughout the reaction. In other words, there is then no detectable leaching of the catalyst in the reaction media. Consequently, TiO 2 /HZSM-11(30%) catalyst is a very stable structure, which remains unchanged during whole reaction time.
Effect of H 2 O 2 on the photocatalytic process
To investigate the effect of adding H 2 O 2 on the photocatalysis of 2CB, experiments with four different amounts of H 2 O 2 were carried out.
The most important effect of adding H 2 O 2 is the photogeneration of OH• radicals with UV light up to 350 nm, 38 as can be seen in equation 2. This should increase the reaction rate.
However, other researchers 39 indicate that H 2 O 2 can trap photo-induced electrons, and may partially contribute to the photodegradation rate with another mechanism (equation 3). This mechanism reduces the possibility of electron-holes recombination:
In our research, OH• radicals cannot be generated as shown in equation 2 due to the wavelength range used (greater than 350 nm, see Experimental), but H 2 O 2 could be reduced as seen in equation 3. For these reasons, the effect of H 2 O 2 as electron acceptor was investigated (Figure 8 ). To assess the possible effect of the relative position of Cl and COOH on an aromatic ring, the photodegradation of 3CB and 4CB acids were carried out in the best conditions found for the photocatalysis of 2CB with TiO 2 /HZSM-11(30%). The results obtained with 2CB, 3CB and 4CB compounds are shown in Figure 9 .
The degradation of 2CB and 3CB are similar, indicating that when Cl is in ortho or meta position with respect to the COOH group, the reactivity is comparable. It is also easy to see (Figure 9 ) that these compounds do not show significant adsorption on the zeolitic matrix during the equilibration time prior to irradiation.
However, 4CB shows a completely different behavior ( Figure 9 ). During the equilibration time it is significantly adsorbed in the zeolitic matrix without further decomposition. The molecular diameter of 4CB may be similar to that of benzene (4.2 Å), 41 since both substituents are located on opposite ends of the molecule. If we consider that the pore size of zeolite is less than 5 or 6 Å by the partial obstruction with TiO 2 particles, 4CB could enter the interior of the zeolitic matrix, while 2CB and 3CB have a higher molecular diameter (6-7 Å), which does not facilitate their entry into the zeolitic matrix.
Adsorption of 2CB and adsorption and photocatalytic degradation of 4CB Adsorption studies of 2CB and 4CB were carried out over HZSM-11 zeolite and TiO 2 /HZSM-11(30%) catalyst at different concentration, as can be seen on Figure 10 . 2CB is adsorbed in low proportion by TiO 2 /HZSM-11(30%) catalyst and can be degraded under irradiation within 3 h, as can be seen on Figure 9 .
Adsorption of 4CB depends on catalyst concentration and is initially promoted by supported TiO 2 . When the concentration of the photocatalyst increases the amount of adsorption sites increases as well, resulting in an improvement of the adsorption rate. On the other hand, at pH value of 4CB solution (4.58) the TiO 2 surface is positively charged and a strong coulombic attraction between 4CB (pKa equal to 3.98) and the supported catalyst takes place. This fact would explain the different rates of adsorption of 4CB on the supported catalyst with respect to that observed for zeolite HZSM-11, within the first ninety minutes. 80 and 90% of initial 4CB concentration are retained by TiO 2 /HZSM-11(30%) catalyst at 1 and 2 mg mL -1 , respectively, and 85% of this compound is strongly adsorbed by HZSM-11 zeolite after 24 h. 4CB is strongly adsorbed over TiO 2 /HZSM-11(50%) catalyst (as noted above with TiO 2 /HZSM-11(30%) catalyst) at the beginning of the photocatalysis process ( Figure 11 ). This negatively-charged compound partially neutralizes the positively-charged TiO 2 surface. This fact weakens the driving force of the photocatalytic process, that is, the coulombic attraction between an ionizable compound and TiO 2 catalyst. Therefore, the amount of 4CB on solution decays slowly until the end of the irradiation time. However, a significant amount of 4CB remains strongly adsorbed on zeolitic matrix, ca. 80% of its original value ( Figure 11 ). Sixty-two percent of the adsorbed compound may be released when the TiO 2 /HZSM-11(50%) catalyst is suspended for 48 h in distilled water at pH 9. At this pH value, 4CB and TiO 2 are negatively charged; therefore this compound may be partially desorbed from the zeolite matrix by electrostatic repulsion.
Initially, unsupported TiO 2 was the most efficient catalyst to degrade 4CB. Nevertheless, after 45 min of irradiation there were no significant differences with respect to TiO 2 /HZSM-11(50%) catalyst.
It is well known that the adsorption of many organic pollutants on different materials (e.g., activated carbon), on which TiO 2 is supported, significantly enhances their degradation, since it concentrates the substrate around the photocatalyst. However, if the substrate is strongly adsorbed, it cannot react with TiO 2 which precludes the decomposition. 42 This fact would explain the differences observed in the degradation of 2CB and 3CB with respect to 4CB. In other systems, the lack of adsorption of 4CB on the supporting material significantly influences its rate of decomposition. When TiO 2 is supported on glass fiber, 4CB adsorption on this material is null, and photodegradation occurs at a constant low rate. 43 However, TiO 2 immobilized on a ceramic surface is more efficient, degrading 64% of 4CB after 3 h of irradiation. 44 Moreover, HZSM-11 zeolite could be used to selectively adsorb the 4CB from polluted waterways, thus becoming an alternative method of environmental remediation.
Repeatability of the photocatalyst activity
The conservation of the catalytic activity of a photocatalyst is a very important factor, as it saves costs and materials, and simplifies removal and reuse. Photodegradation of 2CB with TiO 2 /HZSM-11(30%) catalyst was carried out in several cycles in order to evaluate this property. Thus, a solution of 2CB with TiO 2 /HZSM-11(30%) was irradiated for 3 h; then the catalyst was recovered by filtration and reused immediately, without any treatment, using a new solution of 2CB. Results obtained are shown in Figure 12 .
As seen in Figure 12 , the photocatalytic activity of TiO 2 / HZSM-11(30%) is maintained above 80% degradation in all cases, with 88% average activity. This property of supported TiO 2 had already been proved successful on photodegradation of dyes, 7, 45 toluene 46 and a β-cyclodextrin. 47 Our results show that the TiO 2 /HZSM-11(30%) catalyst can be reused immediately without previous reconditioning (e.g., catalyst drying), maintaining excellent photocatalytic activity for at least nine cycles.
Conclusions
We reported that TiO 2 /HZSM-11(30%) catalyst, at a concentration of 1 mg mL -1 , was the most effective for completely degrading 2CB and 3CB after irradiation for 3 h. 4CB photodegradation was less effective with this catalyst. However, this compound can be partially degraded and/or removed from aqueous solutions by TiO 2 /HZSM-11(50%) catalyst or HZSM-11 zeolite. Thus, the relative position of the substituents in the molecule is an important factor that influences the photodegradation rate of organic compounds with supported catalysts. Based on this, HZSM-11 zeolite could be used to selectively adsorb 4CB from polluted waterways, and therefore becomes an alternative method of environmental remediation.
According to our experiments, the TiO 2 /HZSM-11(30%) catalyst is stable in solution, it retains its photocatalytic properties on 2CB after nine cycles, it can be easily removed from the treated solution and immediately reused. These are very important advantages of TiO 2 /HZSM-11(30%) over unsupported TiO 2 , making it a good photocatalyst for treatment of polluted waterways. Furthermore, this catalyst could be effective under solar irradiation, saving electrical energy.
